Abstract. Caffeine may promote incontinence through its diuretic effect, particularly in individuals with underlying detrusor overactivity, in addition to increasing muscle contraction of the bladder smooth muscle. Caffeine may also affect bladder function via central micturition centers, including the medial preoptic area, ventrolateral periaqueductal gray, and pontine micturition center. However, the biochemical mechanisms of caffeine in central micturition centers affecting bladder function remain unclear. In the present study, the effects of caffeine on the central micturition reflex were investigated by measuring the degree of neuronal activation, and by quantifying nerve growth factor (NGF) expression in rats. Following caffeine administration for 14 days, a urodynamic study was performed to assess the changes to bladder function. Subsequently, immunohistochemical staining to identify the expression of c-Fos and NGF in the central micturition areas was performed. Ingestion of caffeine increased bladder smooth muscle contraction pressure and time as determined by cystometry. Expression levels of c-Fos and NGF in all central micturition areas were significantly increased following the administration of caffeine. The effects on contraction pressure and time were the most potent and expression levels of c-Fos and NGF were greatest at the lowest dose of caffeine. These results suggest that caffeine facilitates bladder instability through enhancing neuronal activation in the central micturition areas.
Introduction
Caffeine (3,7-dihydro-1,3,7-trimethyl-1H-purine-2,6-dione) is regularly consumed by >85% of adults in the United States due to its natural presence in coffee and tea, and is used as an additive in numerous commercially available beverages (1) . With such prevalence, caffeine has long been implicated as a source of irritation to the urinary bladder. This presumption is supported by a recent prospective, longitudinal study that indicated an association between caffeine-containing beverage consumption and urge incontinence in females (2) . Regardless, there is a paucity of scientific evidence directly linking caffeine ingestion to the development or persistence of clinical lower urinary tract symptoms (LUTS) or urodynamically demonstrable bladder dysfunction. There are two potential biological mechanisms underlying the bladder-irritant effects of caffeine: i) Caffeine may promote urinary incontinence through a diuretic effect, particularly among individuals with underlying detrusor overactivity (2) ; in a previous study of patients with overactive bladder symptoms, total urine volume was increased in the caffeine consumption group, confirming the diuretic effect of caffeine (3) , and severity of nocturia was also demonstrated to be associated with caffeine consumption (4) . ii) Caffeine led to increased muscle contraction velocity in bladder smooth muscle through an increase in the release of intracellular calcium from storage sites in a study by Lee et al (5) .
Generally, the storage and excretion ability of the lower urinary tract system is regulated by complex systemic control of neural pathways in the CNS and peripheral nervous system. Neuroanatomical tracing studies have revealed that the urinary bladder and external urethral sphincter are innervated directly or indirectly from multiple CNS regions, including the pontine micturition center (PMC), locus coeruleus, hypothalamus (including the preoptic area), and spinal cord (6) . Using a positron emission tomography scanner, increased blood flow to the dorsomedial pons, periaqueductal gray (PAG), hypothalamus, and cerebral cortex have been observed during micturition (7) . Additionally, bladder hyperactivity has been indicated to induce chemical changes in the spinal cord (8) . In particular, caffeine may produce certain effects on the CNS, thereby affecting bladder function, as caffeine has been demonstrated in animal studies to penetrate the blood-brain barrier (9, 10) . Furthermore, there exist diverse fundamental biochemical mechanisms underlying the molecular and cellular actions of caffeine in the brain (11) . Among them, various biological factors potentially underlie micturitional dysfunction.
The transcription factor c-Fos is encoded by the immediately early gene c-Fos; hereafter, c-Fos expression is used to represent the presence of neuronal activity (12) . Previous studies demonstrate that stimulation of the urinary bladder increases expression of c-Fos-immunoreactive neurons in the PAG, PMC and spinal cord (13, 14) .
Another important modulator of voiding is nerve growth factor (NGF). NGF is produced by urothelial tissue and smooth muscle cells and is one of the neurotrophic factors required for the maintenance of neuronal survival (15) . Clinical and experimental data have indicated a direct association between increased levels of NGF in the bladder, urethral tissue and urine, and LUTS, including overactive bladder syndrome, interstitial cystitis, urinary incontinence and painful inflammatory conditions (16, 17) .
In the present study, the association between caffeine consumption and voiding dysfunction was investigated in light of urodynamic action. The effects of caffeine on the central micturition reflex were also examined by investigating the incidence of expression of c-Fos and NGF in the central micturition areas, including the medial preoptic area (MPA), ventrolateral (vl)PAG and PMC, in rats.
Materials and methods
Experimental animals and treatment. All experimental procedures were performed in accordance with the animal care guidelines of the National institutes of Health and the Korean Acadamy of Medical Sciences. This study was approved by the Kyung Hee University Institutional Animal Care and Use Committee (Seoul, Korea, KHUASP-13-038). Adult female Sprague-Dawley rats, weighing 250±10 g (9 weeks old), were obtained from a commercial breeder (Orient Co., Seoul, Korea). All experimental procedures were performed in accordance with the animal care guidelines of the National Institutes of Health and the Korean Academy of Medical Sciences. Each experimental animal was housed under controlled temperature (23±2˚C) and lighting (08:00-20:00 h) conditions with food and water made available ad libitum during the experiments. The animals were randomly divided into four groups as follows (n=8 in each group): The control group; the 10 mg/kg caffeine-treated group; the 50 mg/kg caffeine-treated group; and the 100 mg/kg caffeine-treated group. The rats in the caffeine-treated groups received caffeine orally (Sigma-Aldrich, St. Louis, MO, USA) once a day for 14 days, and the rats in the control group received an equal volume of distilled water for the same time period.
Urodynamic study (cystometry) . Bladder function of the rats was evaluated by cystometry 14 days after the first treatment, according to a previously described method (18) . The rats were anesthetized intraperitoneally with Zoletil 50 ® (10 mg/kg; Virbac, Carros, France). Following low midline incision, the bladders were dissected and a sterile polyethylene catheter (PE50; Ref. 800; SIMS Portex Ltd., Kent, UK) was inserted into the bladder dome. To monitor the pressure, the catheter was connected to a pressure transducer (Harvard Apparatus, Holliston, MA, USA) and syringe pump (Harvard Apparatus) via a 3-way stopcock (Insung Medical Co. Ltd., Seoul, Korea) to record intravesical pressure and to infuse saline into the bladder. Once the bladder was emptied, cystometry was performed with infusion of 0.5 ml saline. The contraction pressure and contraction time of the bladder were recorded using Labscribe software version 1.801 (iWorx Systems Inc., Dover, NH, USA).
Tissue preparation. All rats were sacrificed immediately following the cystometry using Zoletil 50 ® (10mg/kg; Virbac, Carros, France). The animals were perfused transcardially with 50 mM phosphate-buffered saline (PBS), followed by 4% paraformaldehyde in 100 mM sodium phosphate buffer at pH 7.4. The brain was harvested, postfixed in the same fixative overnight, and transferred into a 30% sucrose solution for cryoprotection the following day. Serial coronal sections (40-µm thick) were made with a freezing microtome (CM1510-3; Leica Microsystems Ltd., Nussloch, Germany). Ten sections on average per region were obtained from each rat. For immunohistochemical analyses, the PMC was denoted as the region spanning bregma -9.68 to -9.80 mm; the vlPAG was the region spanning bregma -7.64 to -8.00 mm; and the MPA was the region spanning from bregma -0.26 to 0.80 mm (18) .
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Immunohistochemical staining was conducted using a previously described method (12, 18) . Free-floating tissue sections were incubated overnight with rabbit anti-c-Fos and mouse anti-NGF antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) at a dilution of 1:1,000, and the sections were then incubated for 1 h with biotinylated anti-rabbit for c-Fos and anti-mouse secondary antibody for NGF (Vector Laboratories, Burlingame, CA, USA). Next, the sections were incubated with avidin-biotin-peroxidase complex (Vector Laboratories) for 1 h at room temperature. Immunoreactivity was visualized by incubating the sections in a solution consisting of 0.05% 3,3'-diaminobenzidine and 0.01% H 2 O 2 in 50 mM Tris buffer (pH 7.6) for ~3 min. These sections were then washed three times with PBS and mounted onto gelatin-coated slides. The slides were air-dried overnight at room temperature, and coverslips were mounted using Permount™ Mounting medium (Thermo Fisher Scientific, Waltham, MA, USA).
Data analysis. The numbers of c-Fos-positive and NGF-positive cells in the MPA, vlPAG, and PMC regions were counted hemilaterally, using a light microscope (BX51TF; Olympus, Tokyo, Japan). An Image-Pro Plus (Media Cyberbetics, Inc., Silver Spring, MD, USA) computer-assisted image analysis system attached to the light microscope was used to measure the areas of the MPA, vlPAG and PMC regions from each slice. Statistical analysis was performed by one-way analysis of variance followed by Duncan's post-hoc test, and all data are expressed as the mean ± standard errors of the mean. P<0.05 was considered to indicate a statistically significant difference.
Results
Effects of caffeine on contraction pressure and time in the bladder. The contraction pressures and times obtained by cystometry are presented in Fig. 1 . The results indicated that caffeine consumption increased contraction pressure and time significantly (P<0.05, vs. control). The effects of caffeine on contraction pressure and contraction time were most potent at the lowest dose of caffeine (10 mg/kg, P<0.05, 50 and 100 mg/kg vs. 10 mg/kg). Fig. 2 . The results indicated that c-Fos expression levels in the central micturition areas were increased by caffeine administration (P<0.05, vs. control), and the lowest dose of caffeine (10 mg/kg) enhanced c-Fos expression to the greatest extent (P<0.05, 50 and 100 mg/kg vs. 10 mg/kg). Fig. 3 . NGF expression in the central micturition areas increased with caffeine administration (P<0.05, vs. control), and the lowest dose of caffeine (10 mg/kg) enhanced NGF expression to the greatest extent (P<0.05, 50 and 100 mg/kg vs. 10 mg/kg).
Effects of caffeine on c-Fos expression in the central micturition areas. Enhancement of c-Fos-positive cells in the central micturition areas (MPA, vlPAG and PMC) is presented in

Effects of caffeine on NGF expression in the central micturition areas. Enhancement of NGF-positive cells in the central micturition areas (MPA, vlPAG and PMC) is presented in
Discussion
It is widely agreed that human behaviors such as smoking and the ingestion of dietary irritants, including caffeine, may incite and exacerbate LUTS, and reduce the efficacy of potential treatments of LUTS. Indeed, caffeine may have a diuretic effect in certain individuals but may also affect the bladder by increasing detrusor pressure and promoting detrusor muscle excitability (19, 20) . However, epidemiological and clinical cohort studies have reported mixed results regarding the association between urge incontinence and caffeine and fluid intake in females (21, 22) . In a study investigating the influence of caffeine in overactive bladders, caffeine caused diuresis and reduced the threshold of urge sensation at the filling phase, with an increase in flow rate and voided volume. A previous clinical trial investigated the effects of caffeine on bladder function and reported similar results (23) . These results indicate that caffeine has the ability to aggravate urgency and increase the frequency of urination by making the bladder more sensitive to bladder filling (23) . Involuntary detrusor contraction and increased bladder pressure and time are also observed in several voiding disorders, including overactive bladder and bladder outlet obstruction (24, 25) . These studies therefore indicate that caffeine deteriorates bladder function and as a result, may induce an overactive bladder, urge incontinence, and unintended bladder contractions due to detrusor instability.
In general, bladder functions associated with filling and storage processes require accommodation to increased urine volumes at low intravesical pressure with appropriate sensation in order for the urethral sphincter to remain closed during the increased abdominal pressure and involuntary bladder contraction (24) . Through this mechanism, normal detrusor function allows urinary storage during the filling phase with little or no change to bladder pressure. Urodynamic study is the only appropriate method to evaluate lower urinary tract function and how this relates to LUTS. Urodynamic study should be used to determine the underlying pathophysiology or cause of LUTS, thereby allowing more rational treatment of voiding dysfunction diseases such as overactive bladder, urge incontinence and bladder outlet obstruction. In a previous study that investigated the effect of caffeine on voiding function in normal mice, caffeine administration resulted in detrusor overactivity and increased bladder sensory signaling (26) . There were clear differences in cytometric parameters of animals that ingested caffeine compared with those that did not receive caffeine. In the present study, a urodynamic study was performed in normal rats in order to evaluate the effects of caffeine on normal bladder function; and detrusor smooth muscle contraction pressure and time was measured following caffeine administration. A significant increase in bladder contraction pressure and time were observed following the administration of caffeine.
The PMC is important in the control of urinary bladder function and there is a supraspinal switching center that regulates the storage and elimination of urine (27) . The PAG and MPA of the hypothalamus are associated with the PMC (6) and the PAG-PMC projection is considered to take part in the micturition reflex. In addition, the PMC is densely innervated by the MPA (7), and the MPA sends projections to the PMC that synapse onto neurons directly though projections to the spinal cord (6) . The vlPAG acts as a central sensorimotor integrative relay of the micturition reflex via the reception of sensory information concerning bladder fullness and the direct projection to the PMC (7), so neurons in the PAG regulate the micturition reflex in both animals and humans and lesions in the PAG cause severe urinary dysfunction (7, 28) .
c-Fos expression is used as a marker of stimuli-induced changes in the metabolic activity of neurons (29) . As demonstrated by Gayton and Pasaro (30) treatment of premature neonates with caffeine may alleviate apnea; they reported an increase in c-Fos-positive labeled cells in the anterior hypothalamic area, ventromedial hypothalamic nucleus, parabrachial complex and ventrolateral medulla (30) . In another study, stimulation of the lower urinary tract was implicated to be the cause of changes in neuronal activity in micturition centers such as the PMC, PAG and MPA (31) . Stimulation of the bladder has also been demonstrated to increase the number of c-Fos immunoreactive neurons in the PAG and PMC (14) . In the present study, it was inferred that the caffeine-induced increase in c-Fos expression strongly stimulated neuronal activity in the central micturition areas.
A previous study demonstrated that acute intraperitoneal injection of caffeine increased locomotion and expression levels of NGF inducible A gene mRNA, a marker of neuronal activity, in the brain (32) . Elevated NGF content has been observed in the urine of patients with interstitial cystitis and painful bladder contractions (33) , and overexpression of NGF in the bladder and urethra is associated with disability of micturition in patients with urinary incontinence (34) . Subsequent biochemical studies have suggested that NGF mediates afferent neuronal plasticity in the bladder following partial urethral obstruction in female rats (34) . Increased NGF levels in the bladder or vesical afferent neuronal pathways may induce overactive bladder symptoms, incontinence, and c-fiber hyperexcitability (35) . NGF triggers neuronal excitability through induction of sodium channels (36) . In addition to modulation of neuronal cell survival, proliferation and differentiation, NGF is known to modulate neuronal excitability (37) . In the present study, a caffeine-induced increase in NGF expression strongly stimulated neuronal activity in the central micturition areas.
In light of all evidence, the results of the current study suggest that caffeine facilitates bladder instability through enhancing neuronal activation in the neuronal micturition centers. Therefore, caffeine consumption may have a negative effect on voiding symptoms, and should be considered as an aggravating factor when treating patients with LUTS.
